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f 2 Spectral representation of the adapted pulse wave in (2) shows that compared to the ideal spectrum of a pure sine wave only containing the fundamental frequency, it also contains other harmonics depending on the rise and fall times and the duty cycle. In [3] , an ADC is evaluated through the FFT analysis, using an adapted pulse wave as the test stimulus. The rise or fall time of the pulse wave stimulus should be set properly to hit all the output codes of the ADC under test. Based on the requirement of Nyquist limits and the principle of coherent sampling, the rise/fall time should be at least larger than the reciprocal of the sampling frequency of the ADC under test llfs. The approximate values of the dynamic parameters of the ADC can be obtained. In the simulation, to obtain the fault-free range, Monte Carlo simulations are carried out on the fault-free ADC by the pulse wave stimulus. As a result, a decision of pass or fail is made by the approximate values to distinguish the faulty devices from the fault-free devices. In real test, a number of golden Xiaoqin Sheng and Hans G. Kerkhoff Testable Design and Testing of Integrated Systems Group, CTIT, University of Twente, Enschede, the Netherlands harmonics and signal-to-noise-ratio of an ADC. It is only suitable for L~ADCs. A white noise is employed as the test stimulus in [9] . In the spectrum of the white noise, all the frequencies are expected to equally appear. As the nonlinearity of ADCs will introduce some extra frequencies, the non-linear faults of ADCs can be detected by analyzing the extra frequencies at the ADC output.
I. INTRODUCTION
N OWADAYS, mixed-signal testing becomes a challenge in production test. More and more analogue-to-digital converters (ADC) are integrated into platform-based designs. These designs are usually for video, audio and high-speed communication systems. As the systems develop, the speed and resolution of the ADCs in the platform designs become higher accordingly. As a result, higher quality analogue signal sources are required in the conventional production test, which leads to an increase of the test cost. [1] One of the most efficient ways to reduce the production test cost is multi-site testing, which can test a number of devices under test (DUT) in parallel. However, increasing the number of ADCs under test usually requires more high-quality analogue signal sources, which are very expensive [2] . In this case, it weakens the advantage of multi-site testing. Compared to an analogue signal, a digital signal is much easier and inexpensive to generate in a platform-based design, which is composed of memories, RF and mixed-signal front ends and importantly the multiple-processor cores in general. In [3] , an adapted digital waveform is explored to test an ADC. However, the spectrum of a pulse wave is distorted with harmonics related to the pulse rise and fall times and duty cycle, making accurate determination of ADC parametric faults complex and time consuming [3] . In this paper, we propose two methods to improve the results in [3] . One method explores using a multiple-level digital stimulus to test the ADC. The other method applies an improved postprocessing method. Both of the methods are expected to be a quick pre-test for discarding the faulty devices by a signature result. After that, only the fault-free devices are tested by the complex conventional test. In this way, test time and cost can be saved.
In the past years, some published works have dealt with decreasing the cost and requirement of the accurate analogue input stimulus for ADC testing. In the work [4] [5] [6] , the authors used two low-resolution ramp signals with offset to test the high-resolution ADC. By applying a stimulus error identification and removal algorithm (SEIR), a 16-bit ADC can be accurately tested by a 7-bit ramp signal. The authors in [7] generated a stair-case signal by a pulse-width modulation (PWM) signal and an off-chip low-pass filter. As the staircase signal is taken as the test stimulus, the jrd harmonic distortion of an ADC up to twenty bits can be tested with a jrd order polynomial fitting algorithm. The test accuracy is primarily limited by the linearity of the low-pass filter. The reference [8] presents a work that using a fully binary PWM input signal simultaneously tests the gain, offset, 2 nd and jrd 978-1-4244-4617-9/09/$25.00 ©2009 IEEE devices, which are fault-free devices tested by the conventional method, are tested by the pulse wave to obtain the fault-free range. The number of the golden device should be sufficiently large to cover the process variations. However, the results obtained in [3] can not fully cover all types of parametric faults. It is caused by the difference of the spectrum between sine and pulse waves. One of the potential methods to improve the result is approximating to the spectrum of a sine wave by adjusting the shape of a digital input stimulus. A sine wave can be considered as a stair-case pulse wave with countless voltage levels. The more voltage levels in a stair-case pulse wave, the more the spectrum of the pulse wave will be similar to the one of a sine wave. Nowadays, most of the ADCs are integrated into a platform-based design. In general, there are multiple power supply levels (usually three levels in maximum) in a platform design. In this case, it provides the potential to generate a pulse wave with different levels. Compare with generating an accurate analogue sine wave onchip, a stair-case pulse wave is easier and less expensive to generate in such a kind platform-based design. As a starting point, the stair-case pulse wave with multi-level in Fig.1 . is applied to both golden devices and the DUTs as the test stimulus. The output spectra can be obtained respectively via FFT analysis. Compared to a single-level pulse wave input stimulus, the output spectrum of the multi-level pulse wave is more close to the sine wave. In this case, one can expect that the output spectrum from a multi-level pulse wave test stimulus can detect the parametric faults in a more sensitive way as compared to its binary counterpart. In [7] , a stair-case waveform is also applied for testing the 3 rd harmonic distortion of an ADC. The method is based on the polynomial fitting technique and requires high linearity of the rise/ fall slopes of the stair-case waveform.
Amplitude "'-- In [3] , we only use the conventional way to evaluate the output spectrum, like calculating the total harmonic distortion (THD). However, the complexity of the spectrum of a pulse wave and the nonlinearity of the ADC makes the variation of the output spectrum very different from the one obtained from a sine wave stimulus. In the second method, we focus on the evaluation method of the test output and still keep using a pulse wave as the test input signal. Instead of calculating the conventional dynamic parameters, we only calculate the similarity of the output spectrums between the golden devices and the DUTs. As shown in Fig. 2 , a singlelevel pulse is applied to both golden devices and the DUTs as the test stimulus. After the FFT analysis, the output spectra of golden devices and the DUTs can be obtained respectively. After that, a correlation algorithm is used to calculate the similarity between the output spectrums of the golden devices and the DUTs. If the result shows their spectra are not sufficiently similar, the device is considered to be a faulty device. Otherwise, it is fault-free. In [10] , a specific correlation is used to evaluate the output results obtained from a pulse wave as well. However, the correlation is applied in the time domain of the output waveform while we apply the correlation in the frequency domain of the output in this paper. The out-of-range-percentage (OFRP) is used to distinguish faulty devices from fault-free devices. voltage levels between zero and full scale. Because of the large number of comparators, several detrimental effects have to be concerned: large die size, high power dissipation, complicated clock and input signal distribution, heavy loading of the clock driving circuits [11] . As a result, it is difficult to implement a flash ADC above eight bits, especially when the low power dissipation is required. In this work, we only focus on the parametric faults in the analogue part of the ADC. As shown in Fig. 3 , the original input is applied to the fITst stage. The following stages will amplify and divide the input into several resolution levels through the resistor ladders. In the meanwhile, any fault in the fITst stage will be amplified by the following stages too. As a result, the ADC is most sensitive to the faults in the fITst as well as the sine wave input signal. The 4-level pulse wave is even more sensitive to the offset fault than the sine wave. It can detect 6 faulty cases while the sine wave can only detect 5 faulty cases.
With the gain and bandwidth fault, the sine wave input stimulus can detect the faults much better than the pulse wave. However, with the offset faults, the multi-level pulse wave can detect the faults even better than the sine wave input signal. 
A. ADC testing using multiple-level pulse wave input signal
Three pulse waves with a different number of voltage levels are applied to the ADC respectively. As shown in Fig.  4 , all the pulse waves have the same the frequency fin=7MHz, the total rise/fall time Tn/Tr 30ns, the lowest voltage level Vzow= -0.46V and the highest voltage level V high = 0.46V. The sampling frequency of the ADC is 300 MHz.
The results of the THD values with offset faults of the fIrst-stage pre-amplifier are shown in Fig. 5 . The x-axis indicates the ratio between the faulty offset and the fault-free offset, while the y-axis denotes the THD values of the ADC output obtained by the input pulse waves. The three curves in different colours represent the results by those three different types of pulse waves respectively. One can see that as the number of voltage levels increases the change of the THD value by the offset faults is more obvious. It means that the THD results can reflect the faults in a more sensitive way.
After running the simulation with all the three types of faults respectively, the results by different types of input stimuli are shown in Table 1 . In each type of fault, 8 different faulty cases are injected in total. The number of faulty cases, which are detected by the input stimulus, is listed in Table 1 . It shows that with the gain and bandwidth faults, the sine wave input stimulus can detect the faults better than all the other pulse waves input stimuli. However, with the offset faults, the 3-level pulse wave input signal can detect the fault 
B. ADC testing by comparing the deviation ofthe output spectrum
In practice, the input pulse wave has the jitter and variation of the rise/fall time. In order to see these effects to the output cases by comparing the deviation of the output spectrum. With the same faulty cases, the range of the deviation of the OFRP is almost 4 times in Fig. 7 larger than the one in Fig. 6 . In this case, with the offset faults, the OFRP tested by comparing the output spectrum is less sensitive to the jitter and rise/fall edge variation of the input pulse wave compared with the OFRP tested by comparing the output amplitude.
For the other two types of faults, the results of the OFRP are similar to the ones with offset faults that are less affected by the jitter and rise/fall edge variation when comparing the output spectrum.
In this method, a signature result can be obtained by the parameter OFRP. With all the three types of faults, it is more sensitive to the faults and less sensitive to the jitter and rise/fall time change than the previous method [10] .
VI. CONCLUSION In this paper, two improved methods are presented extending our previous work. The fITst one improves the results by adjusting the voltage levels of the input pulse wave stimulus. Compared with the sine wave input stimulus, the four-level pulse wave can detect even more faulty cases with the offset faults. The second one improves the results by calculating the similarity of the output spectra between the golden devices and the DUTs. Compared with the previous method [10] , it is less sensitive to the jitter and the change of the rise/fall time of the input pulse wave stimulus. In these two methods, a number of golden devices are tested at fITst to obtain the fault-free range. At last, a signature result is obtained from both methods. It can filter out the faulty devices in a quick way before testing the specific values of the conventional dynamic and static parameters. The OFRP results with the same offset faults by comparing the deviation of the output spectrum are shown in Fig. 7 . The denotation of the x-axis and y-axis is the same as in Fig. 6 . The three curves in different colours represent the results by three different input stimuli respectively. One can observe that the values of the OFRP are affected by jitter and rise/fall edge variation in both methods. In Fig. 6 , the maximum difference between the OFRP tested by the ideal pulse wave and pulse wave with jitter and rise/fall time change is about 0.25. In Fig. 7 , the maximum difference is around 0.5. However, the OFRP is much more sensitive to the faulty results, three different types of input stimuli are applied to the ADC: Ideal pulse wave: Vhigh =0.46V, Vl ow =-0.46V, T r ,ITf=10ns, fin =7MHz
Pulse wave with jitter: add a random jitter into the ideal pulse wave, spectral frequency density = 2.67*10-
